The diagnostics proposed by the conceptual model offer an independent set of metrics for comparing operational hurricane forecast models to observations.
Introduction
The ongoing development of operational hurricane forecasts is an important endeavor for scientific, economic, and societal reasons. Over the last decade, significant improvements have been made to predictions of hurricane track and intensity in statistical and dynamical operational models [e.g., Bender et al., 2007; DeMaria et al., 2005; Gopalakrishnan et al., 2010] . In these dynamical models, improvements have been centered on alterations to model physics, through the inclusion of ocean coupling, convective parameterizations, air-sea flux schemes, and numerical resolution. Ocean coupling, in particular, has brought large improvements to model intensity forecasts [Bender and Ginis, 2000] , owing to the influence of hurricane induced Sea Surface Temperature (SST) changes on intensity.
The strength of operational hurricane forecast models can and should be tested against their ability to simulate a broad range of observations. Past studies, which compare forecast models to observations, have tended to focus on comparing individual case studies of notable hurricanes when examining the oceanic response [e.g., Bender and Ginis, 2000] . It is also useful to compare forecast model results to observations for a large number of hurricanes over a full range of intensities, in order to better assess model errors, identify the character of systematic biases, and help guide efforts to improve the sources of model error.
In this paper we attempt to develop these diagnostics for the particular case of the SST response to hurricanes for different intensities. We focus on results from the Geophysical Fluid Dynamical Laboratory (GFDL) Hurricane Model (GHM) and seek to compare observations to past operational forecasts, for a large number of hurricanes stratified by intensity on the Saffir-Simpson scale. The representation of hurricane intensity in the GHM (and others) is often too weak for the most intense hurricanes when compared to observations (Bender et. al. 2000) , for which several reasons deserve comment. First, there may be deficiencies in model physics, and the simulation of hurricanes may be limited by the existence of physical processes that are not fully understood. Second, the model resolution (1/12
• at the core) could be too coarse to simulate hurricanes with the required accuracy. The final reason, which is the chief concern of this paper and relates to the previous two, is that the oceanatmosphere coupling may not be realistic.
The diagnostics presented here are used for the GHM but they could be applied to any forecast model or any General Circulation Model with reasonable tropical cyclone simulations. The results place emphasis on 2 Ian D. Lloyd et al.
the SST-intensity relationship, since it has been shown in both observations and models that the influence of oceanic feedback is important to hurricanes [Schade and Emanuel, 1999; Bender and Ginis, 2000; Knutson et al., 2001; Cione and Uhlhorn, 2003; Kaplan and DeMaria, 2003; Shen and Ginis, 2003; Lloyd and Vecchi, 2011] and that, as a consequence, large-scale ocean conditions may be important for constraining hurricane intensity. In this study, comparisons are made with observations of SST over a twelve-year period to help clarify whether oceanic feedback is suitably depicted in the GHM.
Finally, to reinforce the connections between observations and the GHM, we present a simplified conceptual framework for understanding ocean-atmosphere interaction during the lifecycle of a tropical cyclone. The Conceptual Hurricane Intensity Model does not hold any dynamical equations, but offers a simplified framework for understanding the SST-intensity relationship and provides general metrics for comparing observations to forecast models.
Our aim is to motivate an additional set of diagnostics that could expand the types of analyses pursued by the hurricane forecast community in the development of models, in the pursuit of better identifying deficiencies in model physics and improving operational forecasts.
The remainder of this paper is divided as follows: Methods and data are presented in Section 2; results are shown in Section 3, comparing observations to the GHM for the periods 2005 and 2006-2009 ; the conceptual hurricane intensity model is presented and discussed in Section 4, which offers diagnostics for evaluating the SSTintensity relationship; and Section 5 concludes.
Methods and Data

Observational datasets
The Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) sensor allows for daily observations of SST even under clouds [Wentz et al., 2000] , and has led to new insights into air-sea interaction processes [Xie et al., 1998; Chelton et al., 2001; Lloyd and Vecchi, 2011] . We use observations from the TMI satellite to examine the SST response along tropical cyclone tracks over the period 1998-2009. Anomalies of SST are computed from a monthly climatology based on 1998-2009.
We average the data from TMI-SST using the positions of North Atlantic tropical cyclones from the IB-TRACS tropical cyclone dataset [Knapp et al., 2009 ] to generate Lagrangian composite response for 12 years of tropical cyclones (see Section 2.3). The IBTRACS dataset records the 10-minute maximum wind speed along with tropical cyclone track locations at six hour intervals, which we convert to 1-minute values by dividing by 0.88 [Knapp et al., 2009] . This conversion allows wind speeds from IBTRACS data to be compared on the Saffir-Simpson scale, which uses a 1-minute maximum wind speed definition.
GFDL Forecast Model (GHM)
Hurricane forecast data are analyzed in the coupled GFDL Hurricane Model [hereafter GHM; Kurihara et al., 1998; Bender et al., 2007] over the period [2005] [2006] [2007] [2008] [2009] . The GHM consists of a triply nested system, with maximum resolution of 1/12
• at the storm center. The model domain spans a 75
• x 75
• area, from 15
• S-60
• N, with the innermost grid able to relocate in the east-west direction over the North Atlantic. The location of the innermost grid is a function of the initial hurricane location and the hurricane's subsequent coordinates during the forecast. The atmospheric model is governed by primitive equations with hydrostatic balance, and contains 42 vertical levels. The atmosphere is coupled to the Princeton Ocean Model [Blumberg and Mellor, 1987; Ezer and Mellor, 1997] , which includes full ocean dynamics, a vertical sigma coordinate system, and a free surface. The Forecast Model is initialized with real-time data from the NCEP Global Forecast System [GFS; Sela, 1980; Environmental Modeling Center, 2003] , with the hurricane vortex initialized using an axisymmetric version of the GHM [Bender et al., 2007] . Through the forecast period the model produces a net ocean cooling bias, as over the 126 hour forecast, the ocean receives no incoming solar radiation (Morris Bender, pers. comm.). Consequently there is a net SST cooling of the entire domain by approximately 0.4K over the forecast period.
A number of improvements have been introduced to the model since its creation. In particular, prior to 2006, the Arakawa-Schubert convection scheme [Arakawa and Schubert, 1974] was introduced in 2003, and grid resolution in the innermost nest was doubled to 1/2
• resolution in 2005. From the year 2006 and onwards three major changes were made to the GHM: a representation of the Gulf of Mexico loop current and warm core eddies was introduced [Bender et al., 2007; Yablonsky and Ginis, 2008] ; the large-scale condensation scheme was replaced with the Ferrier cloud microphysics package in 2006 [Ferrier, 2005] ; and the drag coefficient parame-
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Diagnostics comparing sea surface temperature feedbacks from operational hurricane forecasts to observations 3 terization of Large and Pond [1981] , for which the drag coefficient is proportional to intensity, was replaced by the Moon et al. [2004] scheme, in which the drag coefficient tends to a constant value at high intensities. Thus the drag coefficient in 2005 is larger at higher intensities than in 2006 -2009 (see Bender et al. [2007 , Figure 2 • averaged SST data and maximum 1-minute wind speeds were used to diagnose every hurricane forecast. In order to estimate the cyclone induced SST response we build on the methods of Lloyd and Vecchi [2011] , and compare the SST two days after hurricane passage to the SST two days before hurricane passage over a fixed location. We denote this cyclone-induced change in SST as ∆SST.
At every six-hour interval during a forecast, the GHM saves SST values across the model domain. In order to measure ∆SST, the sample of forecast points must contain data that extends ± 2 days at the time of the forecast. As a result, it is only possible to measure ∆SST in the forecast window from 48-78 hours, representing six data points (out of the 0-126 hours for the total forecast). While we can only estimate a subset of forecast points, each forecast still contains six times more data than one observational point. Forecast data north of 35
• N are excluded in order to remove extra-tropical cyclones from the analyses.
Lagrangian Composite Method
Our principle diagnostic technique builds on the lagrangian composite analysis of Lloyd and Vecchi [2011] . The lagrangian composite analysis was performed over 2,489 tropical cyclone track locations in the North Atlantic for observations, and 11,003 forecast track locations in the GHM. In this approach, evaluation of the SST was made before, during, and after a tropical cyclone passes every recorded position for all tropical cyclone tracks. The TMI-SST data were sampled at daily intervals for 1
• x 1 • areas centered on the tropical cyclone track location, while the GHM SST data were sampled at six-hour intervals for 1
• x 1 • regions.
A composite response was calculated by averaging SST and intensity over all track positions for all hurricanes, in both observations and the GHM. The composite response was computed separately by category on the Saffir-Simpson scale, according to the magnitude of the maximum wind speed, and was also stratified using the criteria V /f , for the tropical cyclones translation speed V divided by the coriolis parameter f . A threshold criteria of V /f = 1, where 1 unit = 100 km, was used to prescribe approximately equal numbers of fast moving (or low latitude) tropical cyclones for V /f < 1, and slow moving (or high latitude) tropical cyclones for V /f > 1. We focus on the criteria V /f < 1 because under these conditions there is an enhanced role for ocean feedback (Lloyd and Vecchi, 2011) . For category 0 tropical cyclones, tropical depressions with maximum wind speeds of 17ms −1 or less were excluded. To examine the composite mean response two days after the passage of the tropical cyclone, Normal statistics were used to estimate the uncertainty k in the sample mean x, for true mean µ = x ± k. The uncertainty in the composite mean is given by k = st α/2 √ n where s is the sample standard deviation, n is the number of tropical cyclone track points, and t α/2 is the t-statistic with significance level α, which was set to the 90% and 95% confidence intervals.
To examine the effect of the Gulf of Mexico loop current and warm core eddies from 2006 onwards in the GHM, the SST-intensity response was subdivided into geographic regions from 100
• W -80
• W (Gulf of Mexico) and 80
• W -0 • W. Hurricanes were are also divided into two classes (intensifying and decaying) based on the tendency of their intensity, in both observations and the GHM. The average intensity tendency dI/dt over a 36 hour period (containing six data points) starting at day 0 was used to define intensifying or decaying tropical cyclones, such that dI/dt > 0 for growing tropical cyclones, and dI/dt < 0 for decaying tropical cyclones. Tropical cyclones reaching landfall within the 36 hour period were excluded from either classification, in both observations and the GHM. In addition to examining the SST cooling for a given intensification or decay phase, tropical cyclones were divided into different bands of SST cooling, at 1K intervals, to examine the fraction of tropical cyclones that grow or decay for a given band of 4 Ian D. Lloyd et al.
cooling.
Results
The In observations, the hurricane induced SST-intensity response levels off with increasing intensity for each of the periods 2005, 2006-2009, and 1998-2009 for the criteria V /f < 1 (Figure 4 ). For the GHM however, the SST-intensity response is monotonic in 2005 (even though there are no category 5 hurricanes with V /f < 1). Forecast results from the period 2006-2009 show greater similarity with observations from 1998-2009, with forecast SST cooling peaking at category 2 and becoming smaller in magnitude up to category 5. Lloyd and Vecchi [2011] found that in the North Atlantic, hurricanes exhibit a non-monotonic SST-intensity relationship, which was interpreted as indicating the systematic importance of an oceanic feedback over hurricane intensity, and hence the importance of large-scale oceanic conditions on hurricane intensity. A monotonic SST-intensity relationship in the GHM, for 2005, could indicate that oceanic feedback is too weak compared to atmospheric drivers of intensity, or that ocean stratification -by which we refer to upper ocean thermal structure -is inadequately represented. With the introduction in 2006 of the initialization of warm-core eddies into the GHM, a representation of the loop current, and improvements to the drag coefficient parameterization, the SSTintensity response appears to be more non-monotonic in nature, showing greater similarity to observations. Given this result, the remaining analyses focus on the period 2006-2009 in the GHM as it most closely simulates observations.
For different hurricane translation speeds in the GHM (Figures 5.a and 5.c), the cyclone induced cooling is larger for slow translation speeds (or high latitudes) with V /f < 1, with smaller cooling for fast translation speeds (or low latitudes) for V /f > 1. This result is comparable to observations (Figures 6.a and 6.c, modified from Lloyd and Vecchi [2011] to cover the period 1998-2009), in that the SST-intensity relationship for V /f < 1 is non-monotonic in nature, showing the effect of ocean-atmosphere coupling, while for V /f > 1 the relationship is monotonic, driven by atmospheric forcing. For weakening hurricanes (∆I < 0), there is some evidence of larger SST cooling and greater nonmonotonicity than for intensifying hurricanes (∆I > 0; • W, the difference in the SST-intensity re- Figure 13 ).
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Conceptual Hurricane Intensity Model
In clarifying the role of ocean feedback in the SSTintensity response, and developing quantitative metrics to compare observations and the GHM, it is helpful to consider a conceptual framework by making a number of simplifying assumptions to emphasize the basic oceanatmosphere coupled phenomena. We are not aiming here for exact numerical results; rather, our philosophy is to seek a broad description of the SST-intensity behavior without exact precision, using the most simple framework possible. There are no dynamical equations in the model, and it is comparable to conceptual models of the El Niño Southern Oscillation such as the rechargedischarge oscillator [Jin, 1997] . Additional layers of complexity could be added [see, for example, Schade and Emanuel, 1999 ], but we do not, as increased complexity calls for the addition of more parameters, creating extra biases and sources of error. Using observations to constrain parameters in this framework provides another measure by which to test the GHM. Primarily we assume that hurricanes move with fixed storm radii following a Rankine vortex structure, hold constant translation speed, and are axisymmetric (See Appendix A). We do not explicitly account for the influence of vertical wind shear, or other dynamical atmospheric conditions that influence storms' intensification. Our starting point is that hurricane intensity varies according to:
Where I * is the maximum potential intensity (ms −1 ), I is the hurricane intensity (ms −1 ), t represents time (days), and α is a hurricane intensity growth term (days −1 ). This potential intensity could be, but is not confined to, the Emanuel [1988] potential intensity. However, a theoretical or empirical measure representing the true value of maximum hurricane intensity could represent I
* . This measure of I * could take into account vertical wind shear or other parameters [e.g., Tang and Emanuel, 2010] . To first order, we assume that hurricane potential intensity can be linearized as follows:
WhereĨ* represents the pre-storm potential intensity (ms −1 ) -that is, the potential intensity before passage of a hurricane over a particular location -which could, for instance, be taken at day -2. The term T represents the magnitude of hurricane-induced SST cooling (K) two days after hurricane passage over a fixed location. The constant linearization term β (ms −1 K −1 ) represents the reduction in intensity for one degree of SST cooling. Based on the sensitivity of potential intensity to changes in localized SST in General Circulation Models, we use the estimate β ≈ 8.2ms Vecchi and Soden [2007] .
We couple Equation 1 for the atmosphere to a very simple oceanic equation, showing the response to cyclone forcing and subsequent recovery:
The oceanic sensitivity parameter µ should scale in proportion to upper oceanic thermal stratification, and is in units of Km −1 . The T term represents a restoring term with an e-folding time −1 , where is in units of days −1 . Results from the model are shown for steadystate response at a relatively slow translation speed of 2.3ms −1 . Further explanation of the Conceptual Hurricane Intensity Model and calculation of parameters in the model are given in Appendix A and B, respectively.
Scatter plots showing the hurricane-induced SST response versus intensity are presented in Figure 8 for the conceptual model, the GHM for 2006-2009, and observations for 1998-2009 . While the numerical values in the conceptual model are only correct to an approximate order of magnitude, the non-monotonic nature of the SSTintensity response is evident (Figure 8.c) . In the conceptual model there are two regimes. First, below the critical intensity value at which the SST response is maximum, hurricane growth is driven by atmospheric conditions manifested through the difference between pre-storm potential intensityĨ* and the actual intensity I. In this first regime, the Intensity-SST relationship follows lines of constant oceanic sensitivity µ, and the negative gradient is given as −µ/ . In the second regime, I approaches theĨ*-limit and further intensification to the very largest values (category 4 and 5) can only occur if the oceanic sensitivity µ can vary and become small, so that upper oceanic thermal stratification is weak and oceanic feedback is restricted. In this second regime, the positive gradient giving the overall non-monotonic response is determined by +1/β. In the case of β = 0 (no oceanic feedback) the second regime has an infinite slope, and the SST-intensity response is monotonic and driven by atmospheric forcing (not shown). Thus, the conceptual model offers measures of oceanic sensitivity µ and oceanic-feedback β in the steady state, and estimation of these parameters provide an independent test of hurricane forecast model performance compared to observations.
In this study we compare the two linear gradients for the SST-intensity relationship outlined by the conceptual model for observations from 1998-2009 and the GHM for 2005 and 2006-2009 . The first regime is determined by Gradient I, for the Intensity-SST response below maximum SST cooling between Categories 2-3. The second regime, characterized by Gradient II, is for higher intensities beyond the point of maximum SST cooling (see Figure 8 ). To determine Gradients I and II, we take regression slopes from the 95th percentile of SST-intensity data, using 5ms −1 intervals. In both cases Gradient I is calculated from 15 − 45ms −1 . The use of 5ms −1 intervals is more accurate, as the Saffir-Simpson definition contains intensity intervals of different sizes. A summary of gradients for the 90th percentile in the two regimes is given in Table 1 (Table 1) .
We have proposed a number of diagnostics for comparing observations to the GHM by using a Conceptual Hurricane Intensity Model in which the SST-intensity response is separated into two regimes. To identify areas for forecast model improvement, we hope that these or similar diagnostics may contribute to community-wide projects that compare observations to a broad range of hurricane models in future. By systematically analyzing composite data for hurricanes in observations and models the physical mechanisms underlying ocean-atmosphere interaction during hurricanes can be better understood, which should in the long-term aid the production of better hurricane forecasts.
Summary and Discussion
Diagnostics of SST cooling versus hurricane intensity for the GHM compared to observations greatly improve from 2005 to 2006-2009. In 2005, the GHM contains predictions of ocean cooling that are too large for major hurricanes (i.e., category 3 and greater; Figures 3  and 4) . In addition, the non-monotonic SST-intensity relationship in observations is absent (Figure 4) . One major bias in the GHM is that there is a 0.4K SST cooling over 5.25 days because of a lack of absorption of incoming solar radiation by the ocean component of the GHM. This bias in the model was introduced into the GHM due to excessive warming of the subtropical North Atlantic during boreal summer; the bias is removed in GHM forecasts from 2011 onward (Morris Bender, pers. comm.). The deficiency in incoming solar radiation is in part compensated by enthalpy fluxes that are too large compared to momentum fluxes (C h /C d > 1; for surface entropy exchange coefficient C h and surface drag coefficient C d ) in the GHM for both 2005 and 2006 -2009 . Recent observations indicate that the ratio of enthalpy to momentum fluxes under the Monin-Obukov scale [Monin and Obukhov, 1954] is less than 1 for intensities near hurricane strength and beyond [Powell et al., 2003 ]. However, the exact value of this ratio is uncertain due to the limited observations in high-wind conditions, and the ratio is an area of active research within the tropical storm community. Assuming that C h /C d is too large in both 2005 and 2006-2009 for the GHM compared to observations, one interpretation is that hurricanes in the GHM have too much "growth" due to a strong enthalpy flux (relative to momentum fluxes), which may influence transient intensification and decay phases through a larger intensity growth term (α in the conceptual model framework). Further, the drag coefficient C d in the GHM model is too large in 2005 and possibly 2006-2009, causing excessive ocean cooling [Walsh et al., 2010] . In their study, Walsh et al. [2010] found that C d may in fact begin to decrease at a critical intensity, while in the Moon et al. [2004] parameterization, used in the GHM for 2006-2009, C d tends asymptotically to a constant value. A large value of C d in the GHM for both time periods examined is also consistent with the diagnosis of excessively strong enthalpy fluxes, giving a larger value of C h /C d compared to observations. A Conceptual Hurricane Intensity Model is presented to provide a framework for the hurricane-induced intensity response (for V /f < 1) under two regimes: the first regime driven by atmospheric forcing in which SST cooling increases with intensity; and the second regime controlled by upper oceanic thermal stratification in which SST cooling decreases with intensity, reflecting the observational result that intensification will only produce category 4 and 5 hurricanes when oceanic stratification is weak [Lloyd and Vecchi, 2011] Thus potential intensity, which is proportional to C k /C d ( [Emanuel, 1988; Bister and Emanuel, 1998 ]), where C k represents the enthalpy transfer coefficient, is larger for the most intense hurricanes. In 2005, potential intensity decreases as a function of intensity for the most powerful hurricanes (categories 4 and 5) due to the inverse dependence of C d on intensity. This inference is supported by lower hurricane intensities for 2005 compared to 2006-2009 (Figure 2) . Under the conceptual model framework, hurricanes reach their maximum potential intensity sooner in 2005, and further intensification is strongly dependent on oceanic controls; namely, upper oceanic thermal stratification (Equations 4.1 and 4.2). For intensification to category 4 and 5 storms, oceanic stratification is too strong in the Gulf of Mexico, causing excessive SST feedbacks.
In sum, diagnosis of the SST-intensity response in observations, the GHM, and a conceptual hurricane intensity model show the importance of SST feedbacks on hurricane intensity, and highlight areas of improvement in the GHM. For the GHM, the SST-intensity response is closer to observations after a number of model improvements made for the 2006 forecasts. In particular, the conceptual model indicates that a full range of upper oceanic thermal stratification, representing the loop current and warm core eddies in the Gulf of Mexico is essential in diagnosing the observed SST-intensity response, which can be separated into two regimes: an atmospheric forcing regime at low intensities, and a regime at high intensities in which intensities are close to maximum potential intensity, and oceanic stratification is essential in allowing for further intensification. The parameterization of C d under Moon et al. [2004] leads to reduced ocean cooling and increased maximum intensity; however, C d may still be too large for the strongest hurricanes [Powell et al., 2003; Walsh et al., 2010] . In 2005 the second conceptual model regime for oceanic controls dominates for high intensity hurricanes since potential intensity is smaller in the GHM (due to larger C d ). Because oceanic stratification is too strong in the Gulf of Mexico, further intensification of hurricanes is restricted and the SST-intensity response is monotonic.
Journal of Advances in Modeling Earth Systems -Discussion
While rudimentary in nature, the conceptual model provides useful diagnostic tools for operational hurricane forecast models in general, for instance by comparing the gradients of the 95th percentiles in the two conceptual model regimes. More complex versions of the model are possible, for instance through accounting for variable translation speeds, intensification or decay phases, or an attempt to represent the influence of vertical wind shear. Inclusion of these and other factors may produce a more realistic response, but will be more challenging to draw inferences from compared to the simple framework presented. Differences in the SST-intensity response between operational forecast models and observations can thus be identified by examining two regimes in the conceptual model, which may offer insight into forecast model performance and suggest areas for future model improvement. 
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[Appendix A: Conceptual Hurricane Intensity Model] We wish to develop a conceptual model of hurricanes to reproduce the observed SST-intensity response and examine the role of negative oceanic feedback on hurricanes. First, we assume that hurricane intensity I (ms −1 ) varies with time t according to:
Where I * is a maximum potential intensity. The potential intensity could be, but is not confined to, the Emanuel [1988] potential intensity. Any theoretical or empirical measure representing the true value of maximum storm intensity could represent the potential intensity I * . The α constant is an inverse growth term, with units of days −1 . To first order we assume that hurricane potential intensity can be linearized as follow:
WhereĨ* represents the pre-storm potential intensity value -that is, the intensity before passage of a storm over a particular location -for instance on day -2. The βT term represents a reduction in the intensity when a cyclone passes over a point on the ocean surface with an SST cooling anomaly of magnitude T (for instance T = +1K represents an SST cooling of 1K). The constant linearization term β (ms −1 K −1 ) represents a reduction in intensity for one degree of ocean cooling, and can be estimated from observations (see Appendix B). Combining Equations .1 and .2 we arrive at an atmospheric equation for hurricane intensity:
We couple Equation .3 for the atmosphere to an oceanic equation, showing the response to cyclone forcing and subsequent recovery:
The µI term represents cooling due to cyclonic winds and cyclone induced changes to net-air sea fluxes. The oceanic sensitivity parameter µ scales as a temperature change per unit of vertical depth, and is in units of (Ks −1 )/(ms −1 ). The T term represents a restoring term, so that the cooling T with return to a value of zero, and SST returns to climatology after an e-folding time of −1 , where is in units of days −1 . Further assumptions are needed to make progress. First, we take our model as being one-dimensional, with hurricanes moving along a path with translation speed C (schematic shown in Figure 9) . A translation speed of 2.3ms −1 is used for the steady state SST-intensity response presented in this paper. This value represents a middle-range translation speed in the slow-moving / high latitude regime of V /f < 1 in which oceanic controls are important [Lloyd and Vecchi, 2011] . We assume that hurricanes are axisymmetric and that the radial profile of a hurricane follow the Rankine vortex, such that the radial intensity structure of a hurricane is given by:
Where I(x, t) is the hurricane intensity at position x and time t, I m (t) is the maximum intensity of a hurricane along its radial profile at a given time, and R(x − ct) represents the spatial distribution of hurricane intensity, which follows:
The Rankine Vortex profile can be seen in Figure 10 . We choose R max to be 80km [Kimball and Mulekar, 2004] . The cutoff at 6R max in Equation .6 is arbitrary; however, we are not interested in the exact numerical values of the solution. The 6R max cutoff indicates that at a certain point beyond the hurricane center, the hurricane winds will be indistinguishable from background atmospheric winds.
In order to use Equations .1-.6 to make numerical calculations we further assume that the atmospheric model will only feel the mean SST change underneath the cyclone. This coarse method allows for a first order approximation to the net effect of ocean cooling on a hurricane. Modifying Equations .3 and .4 gives the coupled equations for cyclone induced cooling T and maximum intensity I m :
Where < T (x, t) > indicates average SST cooling under the hurricane, and W (x − ct) is a weight function that represents the two-dimensional nature of hurricanes on the horizontal plane:
The weight function is largest at the center of the hurricane (x = ct), which is the point where the hurricane reaches its maximum radius (6R max ) perpendicular to the direction of hurricane translation. Moving away from the center of the hurricane along the direction of translation, the weight function tends to zero as the perpendicular extend of the hurricane becomes smaller, so that the hurricane has least impact on SST cooling at its outer boundary.
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[Appendix B: Parameter estimation from observations for the Conceptual Hurricane Intensity Model] Equations .7 and .8 can be used to calculate the SST-intensity response. It is desirable to constrain the five model parameters, α, β, µ, , andĨ* as fully as possible in order to try and reproduce conditions which are approximate to the real world.
The growth term α is hard to estimate from observations, and is taken to be 0.5 (two day timescale) as a reasonable value. However, the value of α only affects intensification and decay phases for hurricanes. The steady state solution of the SST-intensity response, which is analyzed in this paper, is independent of α. An estimate of β is taken from Vecchi and Soden [2007] as β = 8.2ms −1 .K −1 . This estimate was calculated from a linear regression fit in JuneNovember using IPCC-AR4 multi-model ensemble using Emanuel's Maximum Potential Intensity (MPI) formulation [Emanuel, 1988] , a result that is confirmed by reanalysis data [Kalnay et al., 1996; Smith and Reynolds, 2003 ]. To estimate , we assume that the SST cooling recovers with the same time scale in all oceans (this assumption was found to hold approximately true in all ocean basins). We then take as the inverse of the e-folding timescale, which is found to be 0.19 (Figure 11 ).
Our remaining variables µ andĨ* are free parameters. We takeĨ* to vary from 15 to 80 ms −1 , in order to simulate observations of maximum tropical cyclone intensities. The variable µ is estimated to vary from 0 to 0.09, which is derived from scaling arguments. For instance a T = +1K change in one day for a 50ms −1 storm gives µ = 0.02. A value of µ = 0 represents the limit in which temperature is invariant with depth. The steady-state I and T profiles are shown for standard parameter values in Figure 12 , for translation speeds of 2.3ms −1 ("slow") and 6.3ms −1 ("fast"). In the slow-moving case, the SST cooling response is larger and, because of an increased negative SST-feedback, the maximum intensity I m is reduced compared to the "fast" moving case. Observations (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) GHM ( 
Diagnostics comparing sea surface temperature feedbacks from operational hurricane forecasts to observations 23 Figure 9 : Conceptual Hurricane Intensity Model: representation of an axisymmetric hurricane moving with translation speed C along the x-axis in the horizontal plane.
Figure 10: Conceptual Hurricane Intensity Model: Rankine Vortex profile for the radial hurricane intensity distribution. Intensity is indicated on the y-axis, while the x-axis indicates radial distance from the hurricane center (at V = 0), with a peak at R max and maximum radius of 6R max . * .
